Abstract-Petrous apex lesions constitute considerable surgical challenges due to their location in the skull base and close relationship with critical structures such as inner ear, carotid arteries, facial nerves and jugular bulb. These lesions often cannot be treated completely with rigid tools due to the limited accessibility. We are aiming to develop a snake-like manipulator to assist surgeons with the infralabyrinthine treatment of petrous apex lesions with increased dexterity. This snake-like dexterous manipulator (SDM) with 3.3 mm outer diameter and 40 mm working length was designed including a tool channel with a diameter of 1.8 mm and an endoscope channel with a diameter of 0.7 mm. The SDM can be actuated in one plane and two directions enabling the C-and S-shaped bends and rotated around its longitudinal axis. The constant curvature modeling was implemented to predict the deflection in one direction. Experiments were carried out with optical microscope to find out different bending modes. Experimental bending modes were in a good agreement with the theoretical ones in terms of the bending behavior. However tip position prediction showed discrepancies up to 1 mm in X and 2 mm in Z axes.
I. INTRODUCTION
The petrous apex is vulnerable to various pathological lesions due to its location in the skull base and close relationship with critical structures such as the cavernous sinus, carotid artery, ocular motor nerves and trigeminal nerve [1] . Primary lesions include intrinsic lesions of bone, dura, pneumatized air cells, internal carotid artery, nasopharyngeal and sinonasal lesions. Expansion of petrous apex lesions and tumors can threaten the function of vital structures, including the inner ear, trigeminal, facial and vestibulocochlear nerves; carotid artery and jugular vein [2] . These pathological processes, therefore, have to be treated in a timely fashion.
However, the existing surgical approaches also present considerable inherent risks to these same structures.
Depending on the anatomy and location of the lesion, different surgical approaches are followed in order to reach to the petrous apex [3] . If the sphenoid sinus of the patient is well pneumatized and the internal carotid artery is favorably located, usually an endoscopic transsphenoidal approach is preferred [4] . Since the lack of instrument maneuverability is also a concern of endoscopic sinonasal approaches, there is a need for small, flexible but robust and steerable instruments in this field [5] . More recent advances include the work of Webster et al. who introduced precurved concentric tube robots for the transsphenoidal skull base surgery and demonstrated clinical feasibility with cadaver experiments [6] . However concentric tube robots can exert limited tip contact forces, since by design they consist of tubes which have to be elastic enough to change their curvature during translation inside the outer tube [7] . Gerboni et al. recently introduced a new multi-actuation method for developing a bioinspired steerable instrument for endoscopic endonasal surgery which has not been applied in any clinical scenario [8] . On the other hand, the latest prototype has an instrument channel with only 1 mm diameter which constitutes a limitation in terms of force transmission and tissue manipulation, whereas the outer diameter (5.8 mm) is quite large for endonasal skull base applications. In most petrous apex cases, surgeons still prefer lateral approaches. Among the existing lateral approaches, the infralabyrnthine approach (ILA) is very common [2] . In this approach, the temporal bone is drilled via the mastoid to create an access route to the petrous apex prior to cyst treatment. The access windows and the access routes can be seen in Fig. 1 . The surgeon typically partially removes and/or drains cystic lesions here. However, a major limitation in most cases is that it is not possible to reach all the areas within the cyst cavity with rigid tools. We previously presented a feasibility study regarding the use of continuum manipulators for the treatment of petrous apex lesions [9] . We integrated a continuum manipulator which was developed for the treatment of osteolysis with an adjustable flexible ring curette to simulate the lesion removal in 2-d phantoms prepared based on the CT images from several patients [10] . However, these phantoms were scaled up to double size, since the outer diameter of this manipulator was oversized (6 mm) and it was not originally developed for this application.
The ultimate aim of this work is to develop a snake-like dexterous manipulator (SDM) that guides flexible instruments such as microdebriders, curettes, aspirators, irrigators, etc. to assist surgeons with the treatment of the petrous apex lesions. The manipulator design enables reaching to the petrous apex without damaging the vital structures along the pathway and working within the cyst cavity with high dexterity and allows considerable room for a flexible surgical instrument and a fiberscope within a relatively small diameter. Another potential advantage of this design over previously mentioned examples in the literature is the fact that depending on the procedure and the tip contact force requirements, the flexure hinge designs can be adjusted to generate the required forces.
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II. DESIGN, FABRICATION AND ACTUATION
A. Design
Surgical considerations dictate a diameter of the pathway to the petrous apex must be limited to 3 to 6 mm. To be able to pass the manipulator through the small canal constrained by critical structures, the SDM was designed with an outer diameter of 3.3 mm. Within this diameter, the SDM included 1.8 mm tool channel as well as 0.7 mm endoscope channel for instant visualization of the surgical site. The working length of the manipulator is 40 mm whereas the overall length is 50 mm. The flexibility of the design is provided by flexure hinges and the actuation is based on pull-wires. The shape of the hinges can be inferred from Fig. 3 . In order to find the required flexure hinge dimensions, end loaded cantilever beam deflection model was adapted to the hinge design. Fig. 3 depicts this model and eq. (1) describes the relation between the deflection angle and the hinge dimensions where F is the force acting on the tip of the beam; l is the beam length; b is the beam width; h is the beam thickness and E is the corresponding materials' modulus of elasticity [12] . 

In order to prevent plastic deformation, the angle of deflection was limited by keeping the openings on the both sides of flexure hinges small.
B. Fabrication
As it can be inferred from eq. (1), the thickness of the hinge h has a great influence on the flexibility with its third power. Therefore the fabrication accuracy plays a crucial role for the flexibility. Another important concern for the fabrication process is to produce the hinges uniformly, since the continuum manipulator consists of multiple segments. Wire electrical discharge machining (WEDM) is the most convenient method for fabricating such a design due to the following advantages: 1) it is capable of creating very tiny features and complex contours even through relatively long workpieces; 2) it offers an excellent dimensional accuracy for this application. As for the material, nitinol was chosen due to its superelasticity and biocompatibility [13] . The functional prototype is shown in Fig. 4 . Following the fabrication, the thickness of each flexure hinge was measured using an optical microscope (model no. DMi8 A) from Leica (Wetzlar, Germany). The dimensional accuracy was found to be in the range of ± 0.02 mm.
C. Actuation
This functional prototype can be actuated in one direction forming the C-shape by using one of the pull-wires. The point connection off the pull-wire in the opposite channel is on half length of the SDM. Therefore, pulling both wires will create an S-shape for the SDM. An additional degree of freedom can be obtained by rotating the manipulator around its longitudinal axis. C-shape and S-shape are demonstrated in Fig. 5 . In our previous work, we presented the utilization of the da Vinci actuation box (Intuitive Surgical, Inc., USA) as a handheld actuator for another continuum manipulator [9] . This box has four pulleys connected to four knobs and each pull-wire can be attached to one of the three pulleys (Fig. 6) . The fourth pulley enables the rotation. One problem with this type of actuation is that whenever the surgeon takes the hands off, the manipulator comes back to the straight shape due to the wire tension. In order to solve this problem, a worm drive mechanism was integrated to the actuation system. Thanks to the self-locking feature of this mechanism, the manipulator can be steered by rotating the knob in one direction and maintain its position without applying an additional force to the knob. It can then go back to the straight position by rotating the knob in opposite direction.
III. KINEMATICS
For modeling the kinematics of the system, we used a piecewise constant curvature assumption [14] . We aimed predicting the shape of the manipulator as a function of the change of the length of actuation cables.
A. Theoretical Manipulator Shape Prediction
In order to come up with the forward kinematics of the manipulator, we first defined the orientation and position at the end of a single flexure hinge relative to the initial point [14] . Fig. 7 shows the geometrical representation of the piecewise constant curvature model.
In Fig. 7 , l is the beam length; is the actuation cable length; ( ) is the distance between the two ends of the flexure hinge; r is the radius of curvature; and is the angle of deflection and d is the distance between the actuation cable channel and neutral axis of the flexure hinge. Because of the planar bending only, the homogeneous transformation matrix from the first coordinate system to the second one, and from third to the fourth is represented by pure rotation about y axis: Figure 6 . Utilization of da Vinci actuation box as an actuation unit for the SDM and worm drive mechanism 
 
The transformation from the second coordinate system to the third one is pure translation: 
 
The transformation matrix in eq. (4) includes two unknown variables: θ and ( ) . Since we are interested in the cable length as an input parameter, the following transformation can be done by using the geometrical relationship in Fig. 7 :
Using eq. (5) and eq. (6), if we assign equivalent values of θ and ( ) in 4 1 , l and d will be the known parameters from the construction. Thus we can predict the position and orientation of the end point of the flexure hinge based on single unknown parameter which is the change in actuation cable length.
Repeating the procedure for each flexure hinge, and multiplying the consecutive transformation matrices will give the position and orientation of the tip of the manipulator.
B. Experimental Manipulator Shape Tracking
In order to check the accuracy of the approximation made with the kinematic model, the SDM was bent in different modes and measurements were taken using the same optical microscope. The SDM was fixated on a motorized x-z stage and the microscope captured and merged images from individual flexure segments as the x-z stage moved, Fig. 8 shows the stitched microscope images from four different bending modes. These modes were obtained at 0.3 mm, 0.8 mm, 1.1 mm and 1.7 mm pull-wire displacements. Deflection amounts in x and y axes as well as the pull-wire length were recorded. Fig. 9 shows the experimental results together with the theoretical data.
As shown in Fig. 9 , there is a similar trend but a slight mismatch between theoretical and experimental values in terms of the tip position, especially at larger bends. This mismatch is up to 1 mm in the X axis and up to 2 mm in the Z axis.
IV. CONCLUSION
The main objective of this work was to present the fabrication of a snake-like manipulator for the infralabyrinthine treatment of the petrous apex lesions. A new design approach was introduced and a piecewise constant curvature modeling was implemented to predict the kinematic behavior. The experimental comparison showed that the SDM behavior follows that of kinematic model. However, the prediction of the tip position was not sufficiently accurate (our aim was to reach +/-1 mm in both axes or better accuracy in any bending case). According to the piecewise constant curvature assumption, each flexure hinge should bend evenly provided that each of them has the same dimensions. However the experiment shows that each segment closer to the base bends more than the next one closer to the tip. In other words, the closest flexure hinge to the base bends most and the closest flexure hinge to the tip bends least, although they have the same geometry excluding the manufacturing tolerances. The source of this discrepancy may be unmodeled effect of cable friction and hysteresis due to plastic deformation. In future work, this inaccuracy can be tackled by studying the bending behavior of the SDM in different cases. Based on the historical data resulting from experiments, the total bending angle can be distributed to each flexure hinge proportionally instead of evenly and an experimental model can be created. The future work will also include the development of appropriate tools for efficient treatment of the lesion through the tool channel provided by the SDM as well as validation studies on temporal bone phantom and cadaver specimens. 
